Self-field quench behaviours of YBa 2 Cu 3 O 7−δ coated conductors with different stabilizers are studied. Samples include one with Cu on both sides (Cu-Cu), one with stainless steel on both sides (SS-SS), and one with Cu on one side and stainless steel on the other (Cu-SS). The measurements of the minimum quench energy (MQE) and normal zone propagation velocity (NZPV) are taken at various temperatures (30-75 K), and transport currents (30% I c to 90% I c ) at a typical pressure of 10 −5 Pa. Of the three samples, the Cu-Cu sample has the highest MQE while the SS-SS one has the lowest MQE at the same temperature and percentage of I c ; the NZPV in the SS-SS sample is found to be the highest while those of the Cu-Cu and Cu-SS samples are similar. The normal zone voltage and the hot-spot temperature are also compared. Both the classic adiabatic quench propagation model and the interface resistance model are used to explain the NZPV and MQE differences between the samples. The implications for conductor design and quench detection and protection are discussed.
Introduction
Superconducting conductors require low resistivity stabilizers to reduce heat generation when I > I c locally. The overall conductor performance, e.g., engineering current density and peak temperature during a quench, strongly depends on the stabilizer properties and their relationship for YBa 2 Cu 3 O 7−δ (YBCO) coated conductors has been the topic of several studies [1] [2] [3] [4] [5] [6] . In particular, current limiting performance of conductors with various stabilizers for fault current limiters has been investigated with over-current pulses in liquid nitrogen [7] [8] [9] [10] .
In this paper, quench behaviour of conduction-cooled coated conductors with three different stabilizers are com- figure 1 . Note that the top and bottom stabilizers are electrically connected through a solder fillet along the edge of the conductor.
Sample holder
A sample holder different from that reported previously [11, 12] is used; an exploded view is shown in figure 2 . A Cu support board is directly bolted on the second stage of the expander. The board provides the platform and cooling for the sample holder. A thin layer of Apiezon N grease is applied between the Cu support board and the cold head.
A sample is soldered between two Cu current bus bars which provide transport current and cooling for the sample. A sapphire disk (∅17.25 mm) is sandwiched between the bus bar and the support board. Thus, the bus bars are thermally anchored to but electrically insulated from the Cu support board. The bus bars are bolted to the support board. The metal bolts are insulated from the bus bar with G10 jackets. A G10 board that is slightly thinner than the sapphire is used to keep the sapphire in place.
A thermofoil heater for temperature control is tightly sandwiched between the bottom Cu support board and a top Cu cover. A thin layer of the Apiezon N grease is applied on both sides of the heater for better heat transfer. A Cernox resistance temperature detector (RTD) fixed atop the top Cu cover provides the feedback temperature to the controller (Lakeshore 340).
Two side Cu boards (only one is shown in figure 2 ) are thermally anchored to the Cu support board to reduce the thermal radiation and thermally anchor the voltage and thermocouple wires. Three layers of aluminized Mylar sheets are wound around the probe to reduce the radiation heating from the outside. The pressure inside of the cryostat housing the probe is typically 10 −5 Pa at various operation temperatures.
Instrumentation
A normal zone is initiated by a 'W'-shape nichrome wire (∅0.160 mm, polyimide film insulated) heater fixed atop the sample surface with Stycast 2850FT. The mass of epoxy used to fix the heater is measured for each experiment. The heater is attached to the YBCO-facing side for the Cu-Cu and the Cu-SS samples. For the SS-SS sample, the heater is fixed on the substrate side. Since the heater is located in the middle of the sample, an initiated normal zone will propagate toward both ends of the sample.
The pulse voltages are generated by two methods. The first method involves directly triggering a fast, four-quadrant power supply (Kepco BOP 50-4D) and the second uses the Kepco power supply to amplify a pulse signal generated by a pulse generator (HP 8112A). For the first method, the pulse amplitude can vary within ∼0.01 V. For the second method, the amplitude of the HP 8112A pulse signal varies in steps of 0.01 V and thus the steps of the pulse across the heater is greater than 0.01 V after the amplification.
Type E thermocouples are used to measure the temperature evolution during the experiment. The thermocouple junctions are attached to the middle of each voltage section using epoxy with a typical mass of 0.4-0.9 mg for fast thermal response. A thermocouple similar to those mounted on the sample is fixed close to a calibrated Cernox RTD to monitor the difference between their readings. The deviation is found to be less than 2 K between 30 and 295 K. Voltage taps are soldered onto the surface of the sample to measure the voltage evolution during the experiment. More details are found in [12] .
A schematic showing the voltage taps and thermocouples is seen in figure 3 . Straight, 10 cm long samples are mounted between two current leads by soldering. There is a contact length of ∼2 cm at each end. The interval between the current lead and the closest voltage tap is 5 mm at each side. Solid circles are solder dots where voltage taps are connected. The taps are 10 mm apart. Solid squares are thermocouple junctions fixed in the middle of each voltage section. The W-shape heater is also shown. Two additional thermocouple junctions are fixed on the sample soldered on the current leads. An instrumented sample mounted on the probe is seen in figure 4 .
An array of digital multimeters (DMMs) and a high-speed digital storage oscilloscope with four channels are used to record the voltages across sample sections. The buffered DMM has a resolution of ∼15 ms per data point. The resolution for each channel of the oscilloscope can be set up to 400 μs per data point. The oscilloscope monitors the heater voltage and current. The voltage signals monitored by the oscilloscope are isolated from each other by isolation amplifiers with a gain of 1. The thermocouple voltages are scanned by three switch/DMMs with a maximum scanning speed of ∼16 ms per data point per channel. A bus-trigger signal is used to initiate the data acquisition in all the instruments.
The end-to-end voltage across the sample is monitored for quench detection. The over-voltage setting of the power supply (HP 6681A) is used to turn off the transport current when the sample end-to-end voltage exceeds a preset value.
Measurement protocol and data analysis
I c (x, T ) is measured after the sample is mounted on the probe as shown in figures 3 and 4. I c values of all six sections (five 1 cm sections plus one end-to-end section) are measured simultaneously. I c is determined by E/E c = (I /I c ) n , where E is the electric field across each section, I is the current, and E c = 10 −4 V m −1 in this report. Typically the measured data is fit up to E 5 × 10 −4 V m −1 to determine the I c and n-value. MQE measurements are measurements of the minimum heater pulse voltage that initiates a quench in the sample. The MQE is then calculated using
where E htr is the minimum heater quench energy, E htr is the uncertainty of E htr and E epo the energy absorbed by the epoxy.
( E htr + E epo ) is shown by error bars. To estimate the heater energy, the current flow into and the voltage across the heater during the pulse are recorded. The heater current is determined by measuring the voltage across a precision shunt resistor (100 mV/5 A) in series with the heater. The energy generated by the heater is estimated for every quench and recovery case. The energy that quenches the sample is called the quench energy and the energy threshold below which the sample recovers is called the recovery energy. Once the difference between the quench and the maximum recovery energies is within 10 mJ, the quench energy is defined as E htr . The actual difference between these two energies is E htr . The choice of a 10 mJ threshold results from two reasons. Firstly, the resolution of the pulse voltage is limited to 0.01 V. Secondly, the pulse voltage and duration generated by the power supply is not perfectly repeatable. For example, for a typical pulse voltage of 1.14 V and heater current 0.73 A, a change of 10 ms of the pulse duration, which is not unusual, will lead to an energy difference of ∼8 mJ.
Due to the near-adiabatic condition of the experiments, one may estimate E epo based on the epoxy mass and specific heat and the initial and final epoxy temperatures due to the heater pulse. Readers are referred to [12] for more details on the determination of E epo .
The MQE reported here could still be well above the intrinsic MQE of the conductor even though the epoxy effect is considered because of, e.g., the heat pulse width dependence and the heat capacity of the heater wire [13, 14] . Nevertheless, these effects can be considered as systematic errors for different conductors measured using the same setup. Thus, the measured MQE values are useful for comparing the behaviour of different conductors.
NZPV measurements usually involve quenches with higher end-to-end voltage and hot-spot temperature, compared to the MQE measurements. Thus, the NZPV are measured after finding the MQE at different temperatures and transport currents. When measuring NZPV, the sample is quenched with the MQE at the same T and transport current (I t ) measured previously to minimize the effect of the energy input on the NZPV. This could also help to ensure that the sample is not damaged in previous tests. The over-voltage threshold is increased in 50 mV steps until the voltage rise is sufficient for NZPV determination or the hot-spot temperature reaches ∼300 K. More details on the experimental protocol are found in [12] .
The NZPV is determined based on the time interval in which a normal zone front travels from one voltage tap to another. This involves the selection of the voltage sections and the voltage reference (V ref ) to define the time difference [11, 12] . The reference voltage dependence is shown by error bars. To minimize the impact of the heater pulse on the NZPV calculation, the normal zone propagation in either section V22 or V24 (figure 3) is used to determine the NZPV. In this case, the normal zone propagation may be close to the situation in magnet applications. Note that this technique gives the average propagation speed over the section.
Results

Steady-state temperature profile
Steady-state temperature gradients exist along the conductioncooled sample. Since the cooling is from both ends, the temperature profile, T (x), peaks at the sample centre. The profile is almost symmetric about the middle thermocouple TC34. Figure 5 shows the steady-state T (x) along three samples for T 34 = 50 K, where T 34 is T at TC34. One sees that, because κ Cu (T ) > κ SS (T ) for all temperatures, the CuCu sample has the most uniform T (x) and the SS-SS sample has the highest spatial temperature gradient.
Since the conductor performance is limited by the warmer part of the sample due to its lower I c , the operating temperature T op is defined as T op = T 34 . Denote T (x), the average spatial temperature gradient between TC34 and TC32, as
, where x 34 − x 32 = 2 cm. For the Cu-Cu sample, the lowest temperature that can be reached is 30 K at a pressure of 10 −5 Pa. T (x) ∼ 2.5 K cm T
The SS-SS sample has the most non-uniform steady-state temperature profile. T (x) ∼ 5.2 K cm −1 at 40 K, the lowest temperature reached by the SS-SS sample under a pressure of 10
for T op from 40 to 75 K. Since MQE generally decreases with higher T , one expects the MQE measured on a sample with a T (x) as shown for the SS-SS sample in figure 5 is an upper limit for the MQE of the same sample with uniform T (x) given the same T op .
The higher T (x) in the SS-SS sample affects the NZPV determination, especially when using the technique described in section 2.4. For example, assume that the NZPV is determined based on the normal zone propagation in section V24, which sees a decreasing temperature along the propagation direction (figures 3 and 5). As the temperature decreases, the normal zone propagation decelerates with constant transport current [12, 15] . Thus, if the temperature of V24 is T op and uniform, then the NZPV will be higher than that measured given the temperature profile as shown in figure 5.
Self-field critical current
Since the temperature dependence of I c is not location dependent, the critical current profiles, I c (x, T ), of three samples at 50 K are shown in figure 6 . The Cu-Cu and SS-SS samples are cooled from room temperature with a cooling rate of ∼ − 4.5 K min −1 . The middle sections of both Cu-Cu and SS-SS samples have a lower I c than those of other sections, consistent with the temperature profile shown in figure 5 . Note that I c,V20 > I c,V23 because both sections use the same electric field criterion.
The I c of the end sections of the SS-SS sample, V21 and V25, are not shown. Even though the power supply shut-down criterion was increased by a factor of seven, from 25 μV (5 μV cm −1 ) to 175 μV (35 μV cm −1 ), to allow higher transport current before the power supply shut down, there was still no voltage rise across these two end sections. This is because the temperatures at the ends are ∼10 K lower than that of the middle section (figure 5). In this case, section V23, with the lowest I c , may burn out in an effort to measure I c of the end sections.
After cooldown from room temperature to T op , there is one section with I c significantly lower than the other sections in the Cu-SS sample. This occurs with all three Cu-SS samples measured. V22 has the lowest I c for the first two samples. The first sample is cooled with a rate of ∼ − 4.3 K min −1 . At 40 K, the I c of section V20 (end-to-end) is 108 A and that of section V22 is 96 A using a 10 −4 V m −1 criterion. n-value of the end-to-end section is 8. The second sample is cooled down with a slower rate of ∼−0.3 K min −1 . The I c of V20 is 184 A and that of V22 is 172 A at 37 K. The n value of section V20 is 14. Since T 23 > T 22 but I c,V23 > I c,V22 , I c may not be homogeneous in these two Cu-SS samples. The third Cu-SS sample, which is shown in figure 6 , is mounted with a slight bend at room temperature and with a cooldown rate of ∼− 0.1 K min −1 to minimize the critical current inhomogeneity that may occur during cooldown.
If there were no degradation in the middle section, I c is expected to be close to those of other sections, similar to the I c (x, T ) of the Cu-Cu sample. Since T Cu−SS (x) T Cu−Cu (x), I c,V24 is assumed to be the I c of the Cu-SS sample without degradation. When measuring MQE and NZPV, the transport current is defined as a fraction of I c,V24 (T ) but is also limited to be lower than I c,V23 (T ).
The end-to-end I c of the three samples as a function of temperature is shown in figure 7 . For the Cu-Cu and the SS-SS samples, the end-to-end I c,20 is used. For the Cu-SS sample, I c,24 is used. Also shown are the linear fit curves given by (2) .
where I is in A and T is in K.
The Cu-Cu sample and the SS-SS sample have similar end-to-end I c and temperature dependence. The Cu-SS sample has a lower I c than the other sample types for T < 75 K. The lower I c may result from the thermal strain induced by the Cu and SS stabilizer and the inferior property of the sample. Linearly extrapolating the fit curves to the axis where I c = 0 A, one projects the temperature at which I c = 0 A to be ∼84 K for the Cu-Cu sample, ∼86 K for the SS-SS sample, and ∼87 K for the Cu-SS sample. the same temperature, the MQE decreases with increasing transport current. The error bars correspond to 11%-16% E epo .
Minimum quench energy
One of the reasons for this is that the relatively higher E htr (∼12-50 mJ) as the pulse signal is amplified by the Kepco power supply, which has a lower resolution as mentioned in section 2.3. The MQE of the SS-SS sample ranges from 0.04 to 0.34 J between 45 and 75 K ( figure 8(b) ). One sees that the MQE increases linearly with decreasing current for the same temperature. The uncertainty of the MQE is less than 14% as indicated by the error bars. Unlike the CuCu sample, the heater, voltage taps and thermocouples are unintentionally attached on the substrate side of the SS-SS sample. Armenio et al found that the MQE of a Cu-Cu sample, similar to the one discussed here, almost doubles when the heater is attached on the substrate side compared to the MQE when the heater is attached to the YBCO-facing side [15] . So the actual MQE of the SS-SS sample may be lower than the value reported here if the heater were fixed on the YBCO-facing side. The MQE for the Cu-SS sample is between 0.15 and 0.60 J between 40 and 75 K ( figure 8(c) ). Figure 9 compares the MQEs of three samples at 50, 60 and 70 K. Of the three samples, the Cu-Cu sample has the highest MQE and the SS-SS sample has the lowest, given the same T op and I t /I c (T ). One sees that at 70 K 60% I c , the MQE(SS-SS) is 0.12 J (100%) while MQE(Cu-Cu) is 0.41 J (342%) and MQE(Cu-SS) 0.22 J (183%). Note that the MQE of the SS-SS sample may be even lower if the heater were attached to the YBCO-facing side.
For the Cu-SS sample, note that I t is defined with respect to I c,V24 (see section 3.2). Since the heater is attached to section V23, we have I t /I c,V23 > I t /I c,V24 because I c,V24 > I c,V23 . This may ease the normal zone initiation because of the lower stability margin in section V23 and lead to a lower MQE. Thus, the Cu-SS curves in figure 9 may be shifted to higher I t /I c ratio and thus will be more close to those of the Cu-Cu sample. at 30% I c , 75 K to 100 mm s −1 at 90% I c , 65 K ( figure 11(b) ). As mentioned in section 3.1, the NZPV values for each T op shown in figure 11 (b) are expected to be the lower bound of the case where the normal zone travels in a region with a uniform T = T op . Since the solder fillet connects the top and bottom stabilizers (figure 1), it is expected that the heater arrangement does not affect the NZPV, which has also been verified in [15] . One sees that the error becomes larger as the transport current increases. Compared to the Cu-Cu sample, the dependence on the voltage reference is stronger in the SS-SS sample while the typical upper bounds of the voltage reference are the same for both samples, i.e., ∼10 mV.
Normal zone propagation velocity
NZPV measurements are not successful at 80% I c and above for T op 65 K as the peak temperature exceeds 320 K without any observable voltage rise in section V25 before the experiment has to be shut down. In fact, the NZPV at 70% I c and T op = 65 K is determined with V ref = 0.6 mV instead of 1 mV because when V 25 = 0.6 mV, T 34 = 326 K and the power supply is shut down to protect the sample. With lower V 25 , the voltage reference range is also limited and thus the error at 60 K is less than those at higher temperatures.
The NZPV of the Cu-SS sample ranges from 5 mm s
at 30% I c , 75 K to 45 mm s −1 at 90% I c , 40 K ( figure 11(c) ). There is only a weak dependence on the voltage reference.
Comparing the three samples, one sees that, for fixed T op and I t /I c , the SS-SS sample has the highest NZPV while the other two samples are similar. As an example, figure 12 compares the three samples at 60 K. One sees that the NZPV(SS-SS) is ∼316% of NZPV(Cu-Cu) at 60 K and 50% I c .
Normal zone voltage versus hot-spot temperature
The voltage and peak temperature of a normal zone are correlated. The hot-spot temperature (T max ) may lead to magnet damage during a quench while the normal zone voltage (V nz ) is often used for quench detection [16, 17] , but may also be limited by insulation performance. Thus, the relationship between V nz and T max is an important aspect of the conductor quench behaviour. Figure 13 shows V (t) and T (t) in the Cu-Cu sample during a quench and figure 14 shows those of the SS-SS sample. As shown in figure 3 , the end-to-end voltage V 20 is the V nz and thermocouple TC34 gives T max . Since the V (t) and T (t) of the mirror sections are generally the same because of the symmetrical normal zone propagation and conductor properties, only V (T ) and T (t) of sections V21 and V22 are shown in addition to those of the middle section. The heater pulse voltage and the shunt voltage corresponding to the transport current are also shown. The inset in figure 14(a) shows that V 20 starts rising at ∼0.92 s. Note that when the power supply shuts off, both V and T in the end section of the Cu-Cu sample rise significantly while those of the SS-SS sample barely do.
For the SS-SS sample, the maximum value of T 34 usually lags V 20 . For example, when the power supply turns off in the SS-SS sample ( figure 14(b) ), T 34 = 250 K whereas its peak value of 289 K occurs about 0.3 s later. Note that T 32 continues to rise long after the power supply is shut off. The reasons for this may include (1) transient temperature increase (2) low thermal conductivity and hence low thermal diffusivity of the SS stabilizer and (3) TC34 is close to the epoxy used to attach the heater and is influenced by its heat capacity. Here, the maximum T 34 is chosen to be T max because it is the peak temperature that the sample experiences.
To investigate the relationship for a growing normal zone, T max and V nz are limited in such a way that the boundary sections of the sample (V21 and V25) are not fully normal. For example, in the Cu-Cu sample, T 32 85 K and thus T max 120 K. Figure 15 compares the V nz (T max ) of three samples at T op = 70 K, I t = 70% I c . Note that for the same V nz , the T max shown here is the lower bound for the actual value due to the heat capacity of the epoxy used to attach the heater. 
Discussion
Implications for conductor design from the quench behaviour perspective
Cu and SS represent two extremes in terms of electrical and thermal conductivity. In the Cu-Cu and Cu-SS samples, Cu stabilizer dominates in terms of the electrical and thermal conductivity while in the SS-SS sample, SS stabilizer dominates. Figures 9 and 12 show that the MQE and NZPV is determined by the dominant stabilizer. For example, the NZPVs of the Cu-Cu and Cu-SS samples are similar but with the absence of the Cu stabilizer, the NZPV of the SS-SS sample increases significantly.
To explain the difference of the NZPV between the samples, one may use the adiabatic model [18] [19] [20] , as given by
where v nz is the NZPV, J m the current density in the normal metal of the conductor, C the specific heat of the conductor, κ m the thermal conductivity of the normal metal and ρ m the resistivity of the normal metal. T t is the transition temperature defined as T t = (T cs + T c )/2, where T cs is the current sharing temperature. T cs is defined as I t = I c (T cs ) where I c (T ) is given by (2) . Figure 16 shows the results based on (3) for three samples at T op = 70 K. Only the top and bottom stabilizers and substrate are considered in the model as they are the 
is similar to NZPV(Cu-SS) and (2) NZPV(SS-SS) is significantly higher than NZPV(Cu-Cu/SS).
The reasons for the significantly higher NZPV in the SS-SS sample may include (1) the smaller conductor thickness and (2) the much higher normal metal resistivity compared to those of the Cu-Cu and Cu-SS samples. These are seen from the NZPV calculation discussed in appendix A. The specific heat of the normal metals are similar to each other, thus the specific heat of different samples are close. Given similar transport current in different samples with the same width, the thinner the conductor, the higher the current density in the normal metal. Note that the SS-SS sample is ∼75% the thickness of the Cu-Cu sample (table 1) . In addition, the SS-SS sample has a normal metal resistivity about a factor of 63 of the Cu-Cu sample, which is mainly due to the high resistivity of both SS stabilizer and NiW substrate (table A.1). Thus, even though the thermal conductivity is only 4% of that of the Cu-Cu sample, the SS-SS sample still has the highest (κ m ρ m ) of the three conductors.
The Cu-SS sample has a (κ m ρ m ) similar to that of the Cu-Cu sample because in the Cu-SS sample, the Cu layer dominates in terms of the resistivity and thermal conductivity. This explains the similar NZPV in these two sample types.
Recently, the interface resistance between the YBCO layer and the stabilizer has been successfully used to explain the non-equipotential phenomenon observed in the quench experiments [21, 22] . Levin et al [23] proposed a model addressing the relationship between the stability, NZPV and the interface resistance. The characteristic interface resistance (R ic ) and characteristic NZPV (U T ) are given for a conductor operating at a given temperature and transport current. When the interface resistance (R i ) increases, the NZPV increases while the stability margin is reduced. For example, in an 
Based on the interface resistance model [23] , R ic and U T of each sample are calculated (see appendix B for more details). Using 50 n cm 2 for a typical interface resistance between the Cu stabilizer and YBCO layer [23] , one can calculate the NZPV of the Cu-Cu and Cu-SS samples. The calculated values are slightly higher than the measured values at low I t /I c range, as shown in figure 16 . Table 2 shows the R ic and U T normalized to those of the SS-SS sample for T op = 60 and 70 K with I t /I c ranging from 30% to 90%. Even though both R ic and U T are functions of temperature and transport current, normalized R ic and U T vary little for different temperatures and transport currents. Table 2 shows that R ic,Cu−Cu ∼ 20 × R ic,SS−SS while U T,Cu−Cu ∼ 0.18 × U T,SS−SS . The low R ic,SS−SS is mainly due to the low thermal conductivity of the stainless steel, which is only 2% of Cu at 85 K. The high U T,SS is again related to the high resistivity of the stainless steel. So the interface model is consistent with the adiabatic model. If all three samples have similar interface resistance due to similar manufacturing processes, then the SS-SS sample will have much higher NZPV than the other two. If not so, the SS-SS sample may still have higher NZPV because of the higher U T and lower R ic .
While one can increase R i to increase the NZPV for a conductor with a given R ic [23] , the results shown here indicate that one may also increase the R i /R ic and U T by changing, for example, the properties of the dominant stabilizer. Both the adiabatic and interface resistance models indicate that by increasing the resistivity and reducing the thermal conductivity of the dominant stabilizer could lead to a higher NZPV.
Another possible way to increase the NZPV, as indicated by both models, may be to reduce the thicknesses of the dominant stabilizer and/or substrate. A thinner normal metal leads to higher J m in (3) and hence higher NZPV. From (B.1) to (B.4), one sees that R ic decreases while U T increases with decreasing thicknesses of the stabilizer and/or substrate. Also, by changing the parameter values in the interface resistance model, we find that R ic and U T are more sensitive to the thickness than to κ. In addition, as shown by (B.3), increasing κ alone leads to a higher R ic , which may not be desirable even though it is R i /R ic that matters. For example, in the Cu-Cu sample, by only reducing the thicknesses of both the top Cu stabilizer and the substrate by a factor of four, R ic decreases by a factor of four while U T increases by the same factor. Similarly, by only increasing the substrate κ by a factor of four, R ic increases by a factor of 2.6 while U T increases by a factor of 1.6, which may lead to only a marginally higher NZPV.
Certain stabilizer thickness is necessary to control the hot-spot temperature [2] [3] [4] . Thus, to reduce the stabilizer thickness without sample burnout, it may be necessary to use a layer of material with a resistivity similar to that of the dominant stabilizer as the substrate. Thus, the substrate acts as a stabilizer during the quench. It is actually the case for the SS-SS sample, as the resistivity of the NiW substrate is lower than that of SS (table A. 1 and [24] ). Recent effort shows the possibility of having Cu substrates for YBCO coated conductors [25, 26] . In this case, one may expect a thinner Cu-Cu sample with not only a higher engineering current density (J e ) but also a higher NZPV. Imagine a sample with a 25 μm thick Cu substrate and a top Cu stabilizer with the same thickness. Compared to the Cu-Cu sample discussed here, it has only ∼25% of the thickness but both the U T and J e increase about a factor of four while R ic is about the same.
A relevant example showing the effect of the dominant stabilizer on the NZPV may be the YBCO thin film deposited on a sapphire substrate for fault current limiter applications, where an NZPV on the order of 1-10 m s
is observed [27] [28] [29] . The YBCO-sapphire structures are generally similar to the coated conductors presented here, except for two major differences: (1) the thickness of the Au-Ag layer (stabilizer) is on the order of 10 nm, three orders thinner than that in the coated conductors; and (2) κ sapphire (T ) κ NiW (T ) for T T c,YBCO . The estimated U T for the YBCO-sapphire structure is ∼5 m s −1 based on the interface resistance model, which is consistent with the observed NZPV. It is the thin stabilizer that contributes to the high NZPV in this case.
From figures 9 and 12, one sees that while the SS-SS sample has the highest NZPV, it is less stable compared to the other two samples. The interface resistance model points out that the maximum allowable temperature (T m ), above which the normal zone starts propagating and the sample quenches, decreases with increasing R i /R ic [23] . Since all three samples have similar T c , if the SS-SS sample has a higher R i /R ic ratio than the other two samples, then it follows that T m,SS−SS is also lower than those of the Cu-Cu and Cu-SS samples for the same T op , I t /I c , and T cs . Since all three samples have similar specific heat (table A.1), one sees why the MQE of the SS-SS sample is much lower than the Cu-Cu and Cu-SS samples.
Implications for quench detection and protection
The quench detection and protection of a magnet relies on both the quench behaviour of the magnet (conductor) and the detection and protection scheme itself. Here we discuss the implications from the point of view of the T max versus V nz of the samples. Figure 15 shows that the V nz of all three samples is higher than 50 mV when T max 115 K. At 100 mV, the Cu-Cu sample has the highest T max of the three samples, of about 160 K using linear extrapolation. Given that a quench in a high-T c magnet can be detected at these voltage levels and 300 K is the upper limit to avoid sample damage, then figure 15 indicates that the conductors may not be too hot to be degraded.
For the same T max , the V nz in the SS-SS sample is higher than those of the Cu-Cu and Cu-SS samples. The higher V nz in the SS-SS sample originates from the higher stabilizer resistivity. From the perspective of quench detection, this is an advantage over the Cu-Cu or Cu-SS conductors. Firstly, at the same hot-spot temperature, a higher normal zone voltage may benefit quench detection because of the higher signal/noise ratio. Also the SS-SS sample has a higher voltage/temperature ratio (2.6 mV K −1 ) than the Cu-Cu sample (1.6 mV K −1 ) and the Cu-SS sample (1.8 mV K −1 ), as shown in figure 15 . Secondly, for the same detection voltage threshold, T max,SS−SS < T max,Cu−Cu/SS . For example, figure 17 shows the temperature profiles of the Cu-Cu and SS-SS samples at 70 K and 70% I c when V nz = 68 mV by linearly interpolating the profiles shown in figures 13(b) and 14(b). If suppressing the peak temperature in a high-T c magnet is the key for protection, then the SS-SS conductors may be favourable. If dT /dx| max is the limiting factor for protection, however, then the Cu-Cu conductors may be preferred.
On the other hand, one sees that the V nz develops much faster in the SS-SS sample than in the Cu-Cu sample. 14(b) ). Thus, if it takes the same amount of time for the detection scheme to detect the quench in an SS-SS magnet and Cu-Cu magnet, the T max and thermal stress may be higher in the SS-SS magnet.
During a quench, a typical quench detection scheme for Nb 3 Sn magnets based on the voltage difference between coils can detect an imbalance voltage with an increasing rate of 10 V s −1 , a factor of four faster than the SS-SS sample and a factor of 250 faster than the Cu-Cu sample. Such a quench detection scheme is used for the test of a small Nb 3 Sn quadrupole at 4.3 K with a longitudinal NZPV on the order of 10 m s −1 [30] , orders higher than the YBCO samples shown here. Thus the fast voltage increase rate shown in the SS-SS sample will not challenge the detection scheme.
The fast V nz development results in a shorter time for the SS-SS sample to reach the same level of the V nz and hence may lead to a shorter normal zone despite its higher NZPV, compared to the Cu-Cu sample. Since current shares into the stabilizer and normal zone appears when T > T cs , one may estimate the normal zone length (l nz ) based on the sample temperature profile. For T op = 70 K and I t = 70% I c , the CuCu and SS-SS samples have similar T cs ≈ 75 K. Thus, one sees that l nz,SS−SS ≈ 15 mm while l nz,Cu−Cu 40 mm based on figure 17. The same conclusion could also be seen based on the end section voltage (V 21 ) and temperature (T 32 ), as shown in figures 13 and 14. This leads to a higher electric field and a higher spatial temperature gradient across the normal zone. Again, in this case, the Cu-Cu conductor has smaller voltage and temperature gradients. A similar scenario has been seen in the self-field quench behaviour of MgB 2 multifilamentary conductors with different outer sheath materials [31] .
Note that the choice of conductor for magnet applications relies on not only the knowledge of the relationship between T max and V nz but also other issues like the quench-induced degradation limit of the conductor [32] [33] [34] [35] . Thus, it may not be clear whether the Cu-Cu or the SS-SS conductor is more favourable for magnet applications until the degradation limits for each conductor is fully understood. This may be influenced by the significant differences in temperature gradient [33] .
The trade-off between the MQE and NZPV in a single conductor at a given T op has been discussed in [12] . The results shown here indicate that a similar trade-off also exists between conductors with different stabilizers. By engineering the conductor architecture or properties, one may increase the NZPV of YBCO conductors for easier quench detection and protection. This may, however, also reduce the stability margin. In applications where high MQE is desirable [36, 37] , innovative quench detection and protection techniques may be more favourable [38, 39, 22, [40] [41] [42] [43] .
Conclusion
Three YBCO coated conductors with different stabilizers are quenched at various temperatures. One sample has Cu stabilizer on both sides (Cu-Cu), one has stainless steel on both sides (SS-SS), and one has Cu on the YBCO-facing side and stainless steel on the other side (Cu-SS). The SS-SS sample has the fastest propagation while the Cu-Cu and the Cu-SS samples have similar NZPV. The MQE of the Cu-Cu sample is the highest while that of the SS-SS sample is the smallest. This indicates the trade-off between the MQE and NZPV between samples of different stabilizers.
The NZPV difference between the conductors is consistent with the classic adiabatic normal zone propagation model. The interface resistance between the YBCO-facing stabilizer and the substrate also helps explain both the NZPV and the MQE difference between the Cu-Cu and SS-SS sample. Higher stabilizer resistivity and smaller conductor thickness explain the higher NZPV of the SS-SS sample. One possible way to increase the NZPV, as indicated by both models, is to reduce the stabilizer and/or substrate thickness. As an example, replacing the Ni alloy substrate with Cu in the Cu-Cu sample may increase both NZPV and the engineering current density.
The relationship between the normal zone voltage and the hot-spot temperature of each sample are compared. For a hotspot temperature above 115 K, the normal zone voltages of all three samples are above 50 mV, which may be sufficient for detection. For the same hot-spot temperature and the same I t /I c , the SS-SS sample has the highest normal zone voltage while that in the Cu-Cu sample is the lowest. The normal zone develops faster in the SS-SS sample than the Cu-Cu sample, which may lead to a higher and more localized electric field and temperature gradient. It is not clear whether the Cu-Cu or the SS-SS conductor is more favourable for magnet applications until the degradation limits for each conductor is fully understood.
Appendix A. NZPV calculation based on the adiabatic model
Only the top and bottom stabilizers and the substrate are considered in the model as they dominate the material properties due to their thicknesses. Material properties of the three conductors are estimated at their T c to have the current fully shared into the normal metal. As shown in section 3.2, the conductors have similar temperatures where I c → 0 and 85 K is used. It is assumed that the temperature across the conductor cross section is uniform. The conductor specific heat C (J m −3 K −1 ) is obtained using the rule-of-mixtures by where ρ i ( m) is the resistivity of each major conductor component. Since the resistivity of each component is considered, the current density is calculated over the entire area of all three major components. Note that (A.3) assumes that the three components are electrically parallel, thus the interface resistances between the layers are neglected. It has been found, however, that the contact resistance plays an important role [21, 22] .
The major material properties at 85 K are listed in table A.1. The densities of the materials at room temperature are used. It is found that the Cu layer in the conductor has a RRR ∼35 [24] . Thus when using the properties from Cryocomp, Cu with RRR = 35 in zero magnetic field is set. The specific heat of NiW is substituted by that of Hastelloy C-276 [44] .
Plugging the values shown in table A.1 into (A.1)-(A.3) and (3), one can estimate the NZPV of three conductors at various temperatures and transport currents. Table A.2 
Appendix B. Calculation of the characteristic interface resistance
The formulae used in the calculation are listed below for completeness; readers are referred to [23] for more details on the interface resistance model. Define the combined specific heat C as C = C TS t TS + C NiW t NiW , (B.1)
where C TS (J m −3 K −1 ) is the specific heat of the top (YBCOfacing) stabilizer and t TS its thickness (m). The effective thermal conductivity is given by
where κ TS (W m −1 K −1 ) is the thermal conductivity of the top stabilizer. The sheet current density J (A m −1 ) is defined as J = I t /w where I t is the transport current and w the tape width. The characteristic interface resistance R ic ( m 2 ) is given by,
3)
The characteristic NZPV U T (m s −1 ) is given by
which has a similar form as (3). Using the same material properties found in appendix A at 85 K, one gets, for example, at T op = 60 K and I t /I c = 50%, R ic,Cu−Cu = 4.40 × 10 −1 n m 2 , R ic,SS−SS = 2.14 × 10 −2 n m 2 , R ic,Cu−SS = 8.26 × 10 −1 n m 2 .
